Background. The basis for the resurgence of measles in the US in 1989 and 1990 is not understood. This analysis was undertaken to test the hypothesis that an increase in the number of livebirths was associated with the resurgence of measles in the US. Methods. We undertook an ecologic analysis of 20 cities/counties in the US with documented rates of immunization among 2-year-old children.
After a decade of the lowest recorded incidence of measles in US history, a resurgence of measles was reported in 1989 and 1990.
1 From 1981 From -1988 , the median incidence of measles was 1.3 per 100 000 population; in 1989, the median incidence rose dramatically to 7.3 cases per 100 000 and reached a peak of 11.2 cases per 100 000 people in 1990. 1 During the past decade, the age distribution of measles has also shifted. Prior to 1989, the highest proportion of measles cases was reported in school-age children; beginning in 1989, the highest proportion of cases have been reported in preschool-aged children. 1, 2 The basis for the resurgence of measles and the shift in the age distribution of reported cases is not entirely understood. Investigations of measles epidemics have identified a direct association with population size, 3 population density, 3, 4 and the proportion of the population that is Hispanic or Black. 3, 4 Many studies have also found that immunization rates of preschool-age children are inadequate. [3] [4] [5] [6] However, levels of immunization among 2-year-old children do not appear to have declined over the past decade, nor does it appear that the efficacy of measles vaccine has decreased or that the virulence of the measles virus has changed. 4, 5, 7, 8 In 1931, Hedrich observed that a large birth cohort resulted in a larger than usual epidemic of measles at the time the cohort entered school. 9 More recently, in an outbreak of measles in Milwaukee, WI, it was estimated that as a result of an increase in the number of livebirths, the number of measles-susceptible children under 2 years of age increased 21%, from 3359 in 1980 to 5301 in 1990, despite constant levels of immunization against measles. 10 Because livebirths are a primary source of susceptible hosts and because there has been an increase in the number of livebirths over the past decade in the US, we hypothesized that this increase contributed to the resurgence of measles, especially in preschool-age children.
To test the hypothesis that an increase in the number of livebirths was associated with the resurgence of measles in the US, we analysed cases of measles among preschool-age children and livebirths in 20 counties over a 6-year period. We also analysed the association of immunization rates, the number of susceptible preschool-aged children, population density, and race with the incidence and cases of measles. Finally, we developed a model to predict the probability of a measles epidemic occurring by using immunization rates and density of susceptible hosts.
METHODS
Twenty cities, for which estimated immunization rates in 2-year-old children are available, were included in the study. 11 However, because measles surveillance in most cases is maintained at the county level, we decided a priori to use the county as the unit of analysis when Ͻ90% of measles cases occurred in the city and the city as the unit of analysis when Ͼ90% of measles cases occurred in the city. Surveillance maintained by the National Immunization Program, Centers for Disease Control and Prevention (CDC) was used to determine if greater than or less than 90% of cases occurred within the city. Because these data are incompletely reported, we also analysed the data by using both city and county as the unit of analysis to validate our findings. Livebirth data and land area in square miles for each city and county were obtained from natality reports of the National Center of Vital Statistics. 12 
Measles Surveillance
Since 1985, the National Immunization Program has received detailed information on reported measles cases, including county of occurrence and age at onset. Starting in 1990, many cities began aggressive programmes to immunize 12-month-old children in order to control the measles epidemic. Since this change altered our estimated immunization rates in 2-year-old children, this analysis was limited to the 6-year period, [1985] [1986] [1987] [1988] [1989] [1990] .
Only measles cases which met the clinical case definition and were either serologically confirmed or epidemiologically linked to another case that meets the clinical case definition, were included in this analysis. A clinical case was defined as a fever of ജ38°C (101°F), if measured; a generalized maculopapular rash lasting three or more days; and cough, coryza or conjuctivitis.
For the purpose of this analysis, the number of susceptible children were defined at the midpoint of each year. We assumed, on the basis of earlier epidemiological data and published immunization rates, that children Ͻ6 months old are immune as a result of maternal transfer of antibody, that children aged 6-15 months are all susceptible, and that for children aged 15-24 months of age, the estimated proportion of children who were vaccinated are immune. 6, 7 The number of susceptibles was calculated at the midpoint of each year by adding: (the total number of births in the previous year ϫ 0.75) + (the total number of births in the previous year ϫ 0.25 ϫ (1 -immunization rate)) + (total number of births in year prior to that ϫ 0.5) ϫ (1 -immunization rate). For example, the total number of susceptible 2-year-old children in a county in 1990 = (total number of births in 1989 ϫ 0.75) + (total number of births in 1989 ϫ 0.25 ϫ (1 -immunization rate)) + (total number of births in 1988 ϫ 0.5) ϫ (1 -immunization rate). Thus, 0.75 in 1989 provides an estimate of susceptible children aged Ͼ15 months of age at the midpoint of 1990; 0.25 provides an estimate of susceptible children who were born in 1988 and who were ജ15 months; and finally, 0.5 provides an estimate of susceptible children born in 1988, who are Ͻ24 months of age.
We defined preschool density as the number of children Ͻ60 months of age per square mile in the county or city, and susceptible density as the number of children Ͻ24 months of age per square mile in the county or city. An epidemic is defined as an incidence of measles greater than or equal to 1 per 10 000 people Ͻ24 months of age.
Statistical Analysis
Spearman's rank correlation was used to examine the relation between the two outcome variables, number of cases and incidence of measles among preschool-aged children. Correlations were computed in a time trend analysis by using the mean of the variables averaged over the counties and in a comparison between different counties by using the mean values per county over the period [1985] [1986] [1987] [1988] [1989] [1990] .
The probability of an epidemic is determined with a logistic regression model. According to the logistic regression model, the probability that an epidemic occurs in a particular year is:
where x l ... x k are the values of specific risk factors for a particular county in a particular year and α and l ... k are unknown coefficients, to be estimated for the data. To account for the possible correlation between years within a county, the coefficients and standard errors are estimated using generalized estimation equation (GEE) methods for longitudinal data. 13 The number of livebirths, density of preschool-aged children, density of susceptible children Ͻ24 months of age, and immunization rates were entered into the regression analysis. Variables that had a P value of 0.05 or less were considered significant.
RESULTS
Between the years 1985 and 1990, there were 44 epidemics in the 120 county-years studied ( Table 1) . The mean annual number of cases of measles in preschool-age children in the 20 counties was 160 and the mean annual incidence was 8.0/10 000. The mean immunization rate at 24 months of age was 69%, with a range of 52-80%.
Over the 6-year period 1985-1990, the numbers of livebirths, the numbers of susceptible preschoolers, and the population density increased ( Table 2 ). The average number of livebirths increased 18.5% in the cities/ counties studied (range = -11.9% to +36.2%). As a result of the increased number of births, the estimated number and density of susceptible preschool-age children increased correspondingly. The mean increase in the number of susceptible 2-year-old children was 18.1%, and the density of preschool-age children increased by 22%.
To assess the relation of the increase in the number of births with the number of cases and incidence of measles in preschool children, we examined the rank correlation of these variables over the 6-year period, [1985] [1986] [1987] [1988] [1989] [1990] . The association between the increase in livebirths and in the number and incidence of preschool measles was statistically significant (r = 0.83, P = 0.04). The correlation coefficient for the number of susceptible preschoolers and the density of preschool-age children, which are both a function of livebirths, were also significantly associated with the number and incidence of measles (r = 0.83, P = 0.04). Because estimates of immunization are not available over time and because there is evidence that immunization levels have not changed during the years studied, immunization rates were not assessed in the time trend analysis. 4, 7 Next, we examined the relationship of the mean number of livebirths and the mean number of cases of measles among children Ͻ60 months of age between counties ( Table 2 ). The total numbers of births correlated significantly with the mean number of measles cases among preschoolers (r = 0.73, P = 0.0003), as did the total births with the incidence of measles among preschool children (r = 0.51, P = 0.02).
The mean immunization rate of 2-year-old children and the mean number and incidence of measles among preschool children were also significantly correlated (r = -0.66, P = 0.0015, and r = 0.57, P = 0.009, respectively). There was also a significant correlation of White births and the mean number of preschool measles (r = 0.63, P = 0.005), but not so with the incidence of measles (Table 3) . Non-White births and Black births were not significantly correlated with cases or incidence of measles.
The mean number of susceptible children Ͻ24 months of age was highly correlated with the mean number of cases of measles in preschool-age children. The number of susceptible children was significantly associated with the mean number and incidence of measles cases (r = 0.73, P = 0.0002 and r = 0.52, P = 0.02, respectively). In a univariate analysis, susceptible density, or the number of susceptible children per square mile, was not statistically correlated with the mean number or incidence of measles cases ( Table 3) .
The Epidemic Potential
Next, we developed a model using logistic regression to identify predictors of epidemics by comparing counties 0.86*** * P = Ͻ0.05; ** P = Ͻ0.01; *** P = Ͻ0.001. a Epidemic is defined as у1 per 10 000 children Ͻ24 months of age in the years when there was an epidemic with counties in years when there were no epidemics. Levels of immunization and susceptible density were both independent predictors of the incidence of measles among preschool children. The observed and expected rates of an epidemic for the 20 cities/counties are shown (Table 4) . Based on this analysis, we developed a classification of the epidemic potential-the probability that a measles epidemic would occur-as either low, moderate or high (Figure 1) .
DISCUSSION
This analysis suggests that the increase in livebirths, leading to an increase in the number and density of susceptible hosts, is significantly associated with the resurgence of measles among preschool-age children. Despite constant levels of immunization, the number and density of susceptible preschool-age children increased over the 6-year period as a direct result of the increased number of livebirths. The epidemiological basis for the finding that an introduction of susceptible hosts into a population increases the probability of an epidemic is not novel. In 1928, Wade Hampton Frost recognized that introducing a large number of susceptible hosts into a population would increase the epidemic potential by increasing the rate of contact (i.e. density) of susceptible hosts with infected hosts. 14 The accumulation of susceptible hosts was identified as necessary for an epidemic to occur and remains the predominate explanation for the inter-epidemic period (i.e. the period between epidemics).
There has been little change since 1931, when Hedrich observed: 'The research worker in this branch of epidemiology faces the alternative of struggling with imperfect raw material or of abandoning his search for information. ' 9 Surveillance for infectious diseases has improved since 1931, yet major limitations remain. Surveillance data used for this analysis were maintained at the county level, whereas immunization rates generally are calculated at the city level. Thus, we were required either to assume that vaccination rates were valid for children who resided in a county or that the population density of a county provided a reasonable estimate for cities. The population density of the cities, where most epidemics occur, is likely to be quite different from the population density of the counties. In some cases, when the city and county co-exist, these estimates may be accurate. In other counties, the estimate may be poor. Second, it has been estimated that only about 45% of measles cases are reported, and if reporting efficiency differs across counties, measurement error is introduced into the analyses. 15 Third, this analysis does not take into account cases of imported measles. Even if a measles epidemic could be sustained in a population, there would not be one without an index case. Fourth, because we limited this analysis to counties that reported immunization rates, the number of observations are few. Therefore, it is not possible to definitively conclude from this analysis that susceptible density is a critical determinant of herd immunity. Rather, it provides preliminary evidence which requires further analyses. Finally, the results of this analysis are based on large populations and may not be sensitive to specific outbreaks. For example, transmission may occur in a closed space with inadequate ventilation, such as a school, despite immunization levels of 96% or higher. 16, 17 Despite these caveats, this analysis can be helpful in the interpretation of epidemiology and transmission of measles. For example, the findings of this analysis provides an explanation for the shift in the age distribution of measles. With the introduction of a large birth cohort, there was a dramatic increase in the size of the preschool age population (e.g. in this analysis there was a 17% increase in the number of susceptible children Ͻ24 months of age). As a result, the ratio of susceptible preschool aged children to school-age children has increased and the age distribution of measles shifted.
The association of livebirths and the resurgence of measles also may help us to understand the resurgence of other communicable diseases of childhood, such as shigella and pertussis. It is likely that the increase in the number and density of preschool-age children is one reason for the resurgence of these diseases. In contrast, the resurgence of other vaccine preventable diseases, such as rubella and mumps, have not been as large as measles and pertussis. Both of these infections have a lower reproductive rate (i.e. the average number of secondary cases produced by one primary case in a wholly susceptible population) and typically infect school-age children aged 6-10 years compared with 4-5 years of age for measles and pertussis.
There may be other factors that contributed to the resurgence of measles. For example, although levels of immunization did not appear to change, there may have been changes in the number or per cent of susceptible hosts in specific neighbourhoods. 18 Also, because vaccine-induced maternal antibodies are lower in titre than those produced by natural infection, some investigators have speculated that the diminished duration of protection from maternal immunoglobulins may be related to the resurgence of measles.
1 Both of these findings are consistent with our hypothesis.
Herd Immunity Over the years, the level of immunity believed to be necessary to prevent or eliminate the transmission of measles (i.e. herd immunity) has gradually increased. 19 Traditionally, herd immunity has been defined as the proportion of the population that is immune. [18] [19] [20] In FIGURE 1 Epidemic potential of predicted probability of an epidemic (i.e. incidence of preschool measles Ͼ1 per 10 000) for 20 US counties 1931, Hedrich found that epidemics did not develop when the estimated level of immunity was higher than 55%. 9 In the 1960s, it was believed that measles could be eradicated if 70% of the population was immunized. 20 Subsequently, the level considered necessary to eliminate measles has gradually increased to over 90%. 19, 21, 22 More recent data suggest that herd immunity may be effective at lower levels than previously estimated. In a measles outbreak in Milwaukee, there was no epidemic transmission in census tracts that had vaccination rates over 80%. 4 Similarly, epidemic transmission of measles did not occur in counties in this analysis when levels of immunization among 2-year-old children were 75% or higher. The findings of these current data suggest that all of these prior estimates of herd immunity may be correct; the level of immunity necessary to prevent measles transmission depends on both the size and the density of the population studied. Thus, this analysis indicates that it is inadequate to use the proportion of people who are immune as the sole criterion to define herd immunity.
Other models have been developed which include variables other than herd immunity, such as contact rate. 17, 19, 22 Nonetheless, these models are too complex and cumbersome to be used by state or local health departments to refine vaccine strategy, as evidenced by the continuing use of the percentage of immune hosts as the sole criterion for determining herd immunity. There is, therefore, a need to develop more specific criteria to determine the level of protection that is necessary to eliminate the transmission of a pathogen (herd immunity) or the probability of an epidemic (i.e. epidemic potential).
Other studies have found that population size and density are determinants of the incidence of measles. 3, 4, 19 However, because of the few observations in this present analysis, the findings of the logistic regression analysis should be interpreted cautiously. If one city (Miami) is removed from the analysis, susceptible density is no longer a significant variable, and livebirths become significant. Also, because immunization rates and the number of livebirths appear to be confounded in this study, it is difficult to determine the relative importance of these two variables. Nevertheless, if this model is confirmed, it can be used to develop and refine strategies to accelerate the elimination of measles. In this model, populations that have high numbers of births (i.e. large populations) and crowded living situations are at increased risk for an epidemic among preschool-age children and should be targeted with aggressive immunization programmes. By developing aggressive vaccination strategies for populations with a high epidemic potential (e.g. an epidemic potential greater than 15%), the probability of a measles epidemic could be maintained below a defined threshold.
Even with limitations of existing data, this analysis supports the hypothesis that the increase in the number of livebirths, resulting in an increase in the number and density of susceptible hosts, contributed to the resurgence of measles among preschool-age children. This study also suggests that using the proportion of the population that is immune as the sole criterion to define the level of protection needed to eliminate the transmission of measles is inadequate. Additional studies are needed before these estimates can be translated into policy, however. Finally, it is evident from this analysis and others, that improving surveillance of infectious diseases is vital to understanding and preventing the emergence and resurgence of infections. 23 
